Aqueous feeds of 413 and 495 g/L glucose were fermented to ethanol at 90-95% conversion in a continuous flow extractive fermentation system with cell recycle. Compared to the continuous conventional fermentation of a 195 g/L glucose medium, the volumetric productivity was more than doubled in extractive mode, with no deleterious effects on cell viability, specific glucose consumption rate or ethanol yield. The use of an effective, biocompatible and stable in situ extractant with flash vaporization can also produce a concentrated ethanol vapour stream, reducing distillation costs of the product.
INTRODUCTION
Over the last decade research has focussed on overcoming the end product inhibition which is experienced by a number of fermentations by means of in situ product removal. With such an approach, the inhibitory product is selectively removed from the fermentation broth, and this can result in both higher rates and higher amounts of products being formed. Three modes of integrated product removal have been most commonly employed: in situ liquid extraction (extractive fermentation), perstraction, and pervaporation. This first of these uses direct contact between a solvent and the fermentation broth to selectively recover product, while the latter two require the use of membranes, These approaches have been successfully employed in the conversion of glucose to ethanol by Saccharomyces cerevisiae (Daugulis et al., 1987; Kollerup and Daugulis, 1989) , lactose to ethanol by Candida pseudotropicalis (Jones et al., 1993) , glucose to ethanol by Zymomonas mobilis Bruce and Daugulis, 1992) , and glucose to acetone/butanol by CIostridium acetobutylicum (Shukla et al., 1989; Barton and Daugulis, 1992; Qureshi et al., 1993) .
It has been stated that perstraction can avoid the direct contact of extracting solvent with fermentation broth and therefore avoid potentially toxic effects of solvents; however, the extensive use of predictive techniqaes for identifying both effective and biocompatible solvents has shown that it is readily possible to select excellent in situ extractants (both as pure compounds and as mixtures) in a rigorous and systematic way . Indeed for relatively low value fermentation products such as ethanol and butanol, for which industrial profit margins are small and technology simple, it is unlikely that the complexity of membrane bioreactors characterized by perstraction and pervaporation systems (compared with extractive fermentation) will permit commercial adoption in the near term.
The compatibility of extractive fermentation with current industrial practice in the ethanol industry in terms of process layout and equipment selection, has recently been documented for both grass roots and retrofit scenarios . It has been shown that cost savings of about US$0.06 to US$0.22 per litre can be realized by employing extractive fermentation, and that the most significant cost savings arise from reduced energy costs and reduced water consumption, both of which are due to the capability of extractive fermentation to convert concentrated feedstocks. The present work was intended to confirm the capability of direct extractive fermentation to convert, on a continuous basis, glucose feeds of about 40% and 50% to greater than 90% completion, and to do so without any deleterious effects on the cells employed.
MATERIALS AI~D METHODS
An industrial strain of Saccharomyces cerevisiae (Alltech, Nicholasville, Kentucky) was used in this study. Glucose medium was prepared as previously described (Daugulis et al., 1987) , and was made up to 195 g/L, 413 g/L and 495 g/L. Non-glucose components were not scaled to the amount of glucose. Adol 85NF, an industrial grade of oleyl alcohol, was again used as the extracting solvent. A block diagram of the integrated extractive fermentation equipment (fermentation, extraction, solvent regeneration, cell recycle), is shown in Figure 1 , and has been described previously (Daugulis et al., 1987). The installation is based around a 7 L MBR fermentor, and in the current work an Alfa Laval LAPX continuous centrifuge was used immediately downstream of the fermentor (replacing a gravity settling device) to remove/recycle the cells from the aqueous and organic phases being pumped from the fermentor. This separator served both to concentrate the cells from the streams leaving the fermentor, for subsequent recycle, and also to clean the solvent before it underwent flash vaporization for ethanol removal and solvent regeneration. Fermentor and flash operating conditions were as previously described (Daugulis et al., 1987) . The ethanol, glucose and cell concentrations were determined by gas chromatography, colorimetry and turbidity, respectively, as previously reported (Daugulis et al., 1987) . In addition, the cell viability was determined by means of the methylene blue staining procedure (Lee et al., 1981) .
The experiment was conducted employing one "conventional" and two extractive periods. In conventional operation a glucose feed of 195 g/L was continuously pumped to the fermentor at a fixed dilution rate, and cells were recycled to allow the concentration to increase to about 50-60 g/L. The purpose of this part of the experiment was to generate baseline data against which extractive operation could be directly compared, and to employ a mode of operation (continuous fermentation with cell recycle) which is among the most efficient used commercially. After allowing the system to reach steady state, the glucose feed concentration was increased to 413 g/L, and direct solvent addition/removal was initiated. The solvent dilution rate was carefully selected to keep the aqueous ethanol concentration to below severely inhibitory levels (60-70 g/L) based on the glucose addition rate and the desire to keep residual glucose levels low. After achieving steady state, the feed glucose concentration was increased to 495 g/L, and the aqueous and solvent dilution rates were adjusted to new values. The system was then allowed to reach a new steady state.
RESULTS AND DISCUSSION
The results of this experiment are shown in Figure 2 , and the steady state data are summarized in Table 1 . high cell concentration and balanced medium which were employed, and the performance obtained is exceptionally good by industry standards.
The first period of extractive fermentation also showed near complete (>90%) conversion of a 413 g/L glucose feed, which was more than twice the concentration that was employed during conventional operation. The continuous conversion of such a concentrated feed can only be accomplished by the immediate removal of the inhibitory ethanol product.
The residual glucose concentration did increase to a slightly higher level although, since it is possible to readily control the solvent dilution rate independently of the aqueous dilution rate, it would have been possible to increase the solvent flow slightly, which would have decreased ethanol inhibition and increased glucose conversion. In the second extractive fermentation period the feed glucose concentration was increased by more than 2 V2 times compared to conventional operation, with a corresponding solvent dilution rate to keep the ethanol and residual glucose at desired levels. In this case the ratio of the solvent to aqueous dilution rates (14) was more appropriately chosen relative to the first extractive period (11) since a lower residual glucose concentration was achieved.
It should be stressed that the use of in situ solvent extraction provides an added degree of freedom in process operation over conventional fermentation in that the solvent dilution rate can be independently and easily controlled to give the desired aqueous ethanol and residual glucose concentrations. Such flexibility is also in contrast to membrane techniques, such as perstraction and pervaporation, which are constrained by fixed membrane areas, flux rates, and membrane fouling. In the second extractive fermentation period a glucose feed of 495 g/L was continuously converted at a conversion efficiency of 95% and at a productivity (32.7 g/L-h) which is more than twice that obtained for the conventional case. It can be seen that high viability was obtained during both conventional and extractive periods. Moreover, neither ethanol yields nor cell performance (as measured by specific glucose utilization rate), as shown in Table 1 , were affected by the presence of solvent. In addition to exhibiting complete biocompatibility, this solvent is extremely stable during prolonged use, which involves many heating/cooling cycles in a closed loop. In fact, we have continued to use quantities of this material in extractive fermentation applications for several years without any apparent reduction in effectiveness or biocompatibility.
Another test of the suitability of this solvent for use in extractive fermentation is the impact that it may have on the yeast by-product which arises from ethanol fermentation. A recently completed rat feeding trial (unpublished data) in which the solvent was added to spent yeast in quantities several times higher than would be present in animal diets also showed no negative effects (in either animal weight gain, haematology, or histopathological tests) over the course of the 28 day experiment. All of these observations suggest that the selected extractant is an effective, biocompatible and stable solvent which is highly suitable for use in ethanol extractive fermentation applications.
CONCLUSION
The production of ethanol by extractive fermentation, in which direct solvent extraction is employed, is a simple and effective processing strategy for the continuous conversion of concentrated feedstocks. Economic advantages of extractive fermentation arise from the capability to generate a concentrated ethanol vapour stream by single stage flash vaporization, as well as the reduction in water consumption associated with using concentrated feeds. Through the use of systematic and computerized approaches it is possible to identify in situ extractants which are both effective and completely biocompatible for applications involving the reduction of end product inhibition, and other partitioning situations. Enhanced process control is provided by the capability to control solvent dilution rates easily and independently (simply by adjusting pump speed), and there is no need to contend with the fixed surface areas, fluxes, and fouling which often Characterize membrane bioreactors.
